INTRODUCTION
''Every senior leader, when you're asked what keeps you awake at night, it's the thought of a terrorist ending up with a weapon of mass destruction, especially nuclear.'' U.S. Secretary of Defense Robert Gates (1) .
The scenarios by which a nuclear or radiological device might be deployed in the United States have been discussed in some detail (1) . The need is obvious for the development of high-throughput, noninvasive and rapid biomonitoring tools for the screening of mass populations in the event of such a catastrophe. As stated in an earlier report (2) , the U.S. Homeland Security Council and the Office of Science and Technology Policy created the Weapons of Mass Destruction Medical Countermeasures Subcommittee to oversee the research and development of improved countermeasures (3) . This Subcommittee listed the development of biomarkers and devices for biodosimetry among its highest priority areas of research (3) .
Radiation metabolomics seeks to define patterns of metabolic changes that are associated with exposure to radiation. Although studies so far have been carried out in urine of irradiated and control animals (2, 4) , it is anticipated that other metabolomes such as plasma, sweat, saliva or sebum may also be of value for detecting biomarkers of radiation exposure. This is important for radiation biomonitoring in the field where urine collection may be less practicable than e.g. saliva, sweat or sebum harvest in large populations. Nevertheless, proof of concept has been established in the mouse by employing urine analysis. Through harnessing the accurate mass determination of time-of-flight mass spectrometry (TOFMS) in combination with high-resolution ultraperformance liquid chromatography (UPLC), a number of biomarkers of c-radiation exposure have been defined using doses ranging from 1 to 11 Gy (2, 4). For each sample analyzed, the UPLC-TOFMS methodology is capable of detecting in excess of 5,000 positive ions and 5,000 negative ions, each of them representing the protonated or deprotonated molecular ion of a distinct urinary metabolite that can be characterized by retention time, accurate mass and ion abundance. An unknown proportion of these ions arise from in-source fragmentation, adducts, dimers and isotopes. However, many of the highly polar metabolites present in urine elute in the first minute of the UPLC chromatogram, and this is not ideal for the analysis of these small polar analytes. An alternative approach is to use the high resolving power of capillary gas chromatography combined with mass spectrometry (GCMS). In this situation, the polar metabolites must first be rendered volatile by the process of chemical derivatization. Such an analysis is more time consuming than the rapid UPLC-TOFMS method, but nevertheless, the GCMS platform offers a useful adjunct to the UPLC-TOFMS approach. Each has its own advantages. Additionally, employing a low-mass resolution instrument, such as one with a single quadrupole mass analyzer, a GCMS has approximately 10% of the purchase price of a high-mass resolution UPLC-TOFMS instrument, putting GCMS-based metabolomics within the reach of more research groups.
In this report, a complete protocol for radiation metabolomics using low-mass resolution GCMS combined with random forests machine learning algorithm (5) is described. In the case of TOFMS systems, mass to charge ratios (m/z) for ions are produced with high mass resolution, typically to the fourth decimal place and with a typical mass error of ,5 ppm. This alone may permit identification of the chemical nature of the ion or, at worst, narrow the solution to a number of empirical formulae. This process is discussed in detail elsewhere (6) . In the case of a single quadrupole GCMS, which yields low-resolution mass spectra, either with nominal masses or to one decimal place, such a process is not possible. However, a GCMS instrument equipped with an electron impact ion source fragments the molecular ion to give a mass spectrum that is usually unique to a particular substance. Databases exist that contain in excess of 500,000 mass spectra and biological molecules, and their common chemical derivatives are contained within these databases, thus permitting preliminary identification of urinary analytes. Confirmation using authentic standards then follows.
We have applied this approach to radiation metabolomics in the rat to examine whether a similar pattern of radiation biomarkers emerged as described for the mouse (2, 4) . Such insights are useful for the translation of laboratory investigations to human subjects and then into the field.
MATERIALS AND METHODS

Compounds
The following compounds were obtained from Sigma-Aldrich Chemie GmbH (Buchs, Switzerland): thymidine, thymine, uridine, 29-deoxyuridine, uracil, cytidine, 29-deoxycytidine, cytosine, citric acid, glyoxylic acid, p-cresol, arabitol, L-threonic acid, ferulic acid, azelaic acid, 2-oxoglutaric acid, pimelic acid, suberic acid, adipic acid, glycerol 3-phosphate, 3-chloro-4-hydroxyphenylacetic acid, O-methoxyamine hydrochloride, N,O-bis(trimethylsilyl)trifluoroacetamide containing 1% trimethylchlorosilane (BSTFA/TMCS) and urease from jack beans (37.6 U/mg). Pyridine (purity $99.5%) was obtained from Merck KGaA (Darmstadt, Germany). Solvents and inorganic reagents were of the best available grade.
Animals
Male Wistar rats (240-260 g) were obtained from Charles River WIGA (Deutschland) GmbH (Sulzfeld, Germany) and were fed no. 3430 mouse and rat diet (Provimi Kliba AG, Kaiseraugst, Switzerland) ad libitum with free access to fresh drinking water and housed three to four per cage under a standard 12-h light, 12-h dark cycle. Animals were not selected for investigation until they had been housed at least 1 week in Bern. All animal handling and experimental protocols were designed for maximum possible well-being and were approved by the local ethics committee (Office for Agriculture and the Environment for Bern Canton).
Radiation Exposure
Rats were c-irradiated in groups of three with a nominal dose of 3.0 Gy using a GammacellH 40 Exactor (Best Theratronics, Ottawa, Canada). This research irradiator was fitted with two 137 Cs sources (above and below) with an activity of 1800 Ci/67 TBq and delivering 1.0 Gy/min. Use of direct-reading dosimeters determined that the actual dose delivered to rats under the experimental conditions was 2.80-2.85 Gy. After irradiation, rats were immediately returned to their metabolic cages (see below). Sham irradiation was performed by placing rats similarly into the irradiator but without exposure to the c-ray sources.
Urine Collection
During urine collection, rats were housed individually in plastic metabolic cages for 7 days. These cages permitted the collection of urine free from fecal contamination. Rats were monitored daily for outward signs of distress or adverse health effects, and their body weights were determined at the beginning and end of the investigation. Additionally, food and water consumption was monitored daily. Twenty-four-hour urines were collected at 24, 23, 22, and 21 days prior to irradiation and at z1, z2, and z3 days after irradiation. The purpose of this protocol was to permit acclimation of the rats to the metabolic cages (2, 4) . Urine volumes were determined and the samples were diluted with purified water by rinsing the metabolic cages to a fixed volume of 20 ml and 14 ml for day 5 and all other days, respectively. Aliquots of urine were immediately frozen at 220uC until analyzed.
Sample Preparation for Gas Chromatography-Mass Spectrometry (GCMS)
For multivariate data analysis, urine samples were prepared for GCMS as follows: Urine (25 ml) was diluted fourfold with distilled water and 25 ml was added to an internal standard solution (25 ml of aqueous 200 mM 3-chloro-4-hydroxyphenylacetic acid) and the mixture blown to dryness under a gentle stream of nitrogen at room temperature in 0.3 ml Reacti-Vials (Thermo Fisher Scientific (Schweiz) AG, Basel, Switzerland). Pyridine (25 ml) was added to the dry residues, and the samples were reduced to dryness again under nitrogen to ensure complete removal of water. A two-step derivatization procedure was performed similarly to published methods (7, 8) . O-Methoxyamine hydrochloride (0.5% w/v in pyridine; 25 ml) was added and the samples were heated in capped Reacti-Vials in a URINARY BIOMARKERS OF GAMMA-RADIATION EXPOSURE IN RATS heating block at 75uC for 30 min. After cooling to room temperature, BSTFA/TMCS silylating reagent (25 ml) was added and the samples were capped and heated again at 75uC for 30 min, cooled to room temperature, and transferred to autoinjector vials, which were immediately capped and crimped.
GCMS Analysis
Samples were analyzed using an Agilent 6890N gas chromatograph fitted with an Agilent 7683B series automatic liquid sampler and an Agilent 5975B series mass selective detector (MSD). For the acquisition of data for multivariate data analysis, samples (1.0 ml) were injected in splitless mode after 3 min column equilibration onto an Agilent HP-5MS capillary column (0.25 mm film thickness; 60 m 3 0.25 mm i.d.) subjected to a temperature program of 70uC for 3 min, 4u/min to 280uC, 3 min at 280uC, 10u/min to 300uC, 300uC for 10 min (total run time 70.5 min). The injector inlet was held at 300uC and the MSD transfer line at 280uC, and the carrier gas was helium (1.1 ml/ min). Mass spectral data were collected in electron impact mode (69.92 eV) from 11.5 to 70.5 min between 35.0 and 800.0 m/z with the threshold for data acquisition set to 3000 for the elimination of ions with lowest abundance. The mass spectrometer source was set at 230uC and the quadrupole at 150uC. The MSD tune parameters were all within normal ranges. MSD ChemStation software version E.01.01.335 from Agilent Technologies Inc. (Santa Clara, CA) was employed for data analysis.
Bioinformatics
Raw GCMS data files obtained from rat urines collected at day z1 [first day after irradiation (n 5 6) and sham irradiation (n 5 6)] were exported from the ChemStation software to the AIA format, producing CDF files. MZmine, version 0.60, an open-source software (www.mzmine.sourceforge.net), was used for the pre-processing of the raw data in terms of peak alignment and peak detection. Three peak tables were created with MZmine for subjection to random forests analysis, differing in the time window that was covered. The first peak table encompassed the entire chromatogram, whereas the others were designed to eliminate the influence of the broad peak of urea (between 21.0 and 24.2 min) on the peak picking process. The cropping filter was used to select the appropriate time window and to restrict the mass range from 150 to 800 m/z. Peak detection was performed using the recursive threshold algorithm and the other parameters were set to extract a maximum of small chromatographic peaks and to retain a minimum of minor ions of each mass spectrum in the peak table. The fast aligner was run for the peak alignment. Chromatographic peaks present in less than four samples were eliminated from the peak table and empty gaps were filled estimating peak height and area for the empty slots in the table. For the first and third peak table created, the data were normalized using the peak height of the internal standard to compensate for variations in the derivatization efficiency during the sample preparation. The aligned chromatographic and spectral information that was obtained with this data processing were exported as text files and used for random forests analysis. Peak alignment is essential to avoid the introduction of false positives and false negatives among the highly important markers ranked by random forests. Figure 1A shows two raw nonaligned chromatograms and the same chromatograms after alignment with MZmine (Fig. 1B) . It is clear that many peaks will be misclassified or appear as new peaks in the absence of peak alignment.
Random forests analysis was performed in the R software environment. Samples were assigned according to their group membership, i.e. irradiated animals and control animals, and the calculations were based on 10,000 trees and variable importances averaged over 25 independent random forests. The average variable importance measure was used to rank the markers of decreasing importance. A fuller description of the random forests machine learning algorithm applied to metabolomic data appears elsewhere (6).
Verification, Identification and Confirmation
The variable importance score generated from the random forests algorithm was used to select promising signals, each providing the m/z value, the retention time, and the abundances of the respective ion in the two input groups. For the verification of the signals, the raw data generated during the GCMS analyses and the individual chromatograms were inspected. The ratio of the peak area (peak of interest area divided by the internal standard) was plotted for all animals over all 7 study days after correcting for the different dilution of the samples of day 5, using SigmaPlot for Windows Version 10.0 (Systat Software Inc., San Jose, CA).
The identification of peaks showing statistically significant differences between the two groups of animals on at least 1 day of the 3 days after the c irradiation, and therefore fulfilling the criteria of potential biomarker candidates, was based on the spectral information of the peak of interest. The spectrum was compared with the almost 575,000 spectra stored in the NIST Mass Spectral Database (NIST/EPA/NIH Mass Spectral Library Version 2.0). Identified peaks were confirmed by analyzing aqueous solutions (typically 200 mM) of authentic standards under the same analytical conditions, and retention times and mass spectra were compared to demonstrate the biomarker identities unambiguously. To confirm the relationship between ion signal intensity generated in the mass analyzer and the amount of the analyte present in the sample, and thereby to exclude analytical artifacts stemming from variations in the derivatization efficiency during the sample preparation, selected biomarkers were spiked with known amounts of authentic standards.
FIG. 1.
Schematic representation of the process of peak alignment. A section of the chromatograms of (panel A) urine of two control animals before peak alignment, exhibiting a shift in retention time of 0.034 min and (panel B) the same chromatograms after peak alignment with compensation for the shift of retention times between chromatograms.
Finally, the relative concentrations (analyte peak area/internal standard peak area) of identified potential biomarkers were derived using 3-chloro-4-hydroxyphenylacetic acid as internal standard and expressed as daily excretion of the respective urinary constituent. This complete process is depicted in the flow diagram in Fig. 2 . The GCMS apparatus is relatively inexpensive compared to the highresolution UPLC-TOFMS platform that we have employed for metabolomic analysis hitherto (2, 4, 6, (9) (10) (11) (12) (13) (14) . Moreover, all bioinformatic software used was open-source.
Urea and Electrolyte Analysis
Samples of fresh urine from each rat on each of the 7 days of the study were sent for urea and electrolyte analysis at the Zentrallabor of the Inselspital, the local teaching hospital in Bern.
Statistical Analyses
For within-group analyses (e.g. sham compared to sham on different days), a paired Student's t test was used. For comparisons between groups (e.g. sham day z1 compared to irradiated day z1), unpaired t tests were employed.
RESULTS
Animal Performance
The sham treatment (control) animals did not show any outward signs of distress or adverse health effects during the entire study period. Food and water intake, urinary excretion and body weight for both the shamirradiated and irradiated animals are depicted in Fig. 3 . The animals randomly allocated to the treatment group did not differ in food and water intake, urinary excretion and body weight from the control animals prior to the c irradiation. For the sham controls, water consumption ( Fig. 3A) , food intake ( Fig. 3B) , and urine volume ( Fig. 3C) were comparable over the 7 days of the study. Control rats increased their body weight 3.2% from 244.8 ± 12.3 g (mean ± SD) to 252.7 ± 10.1 g during the study. In stark contrast, the irradiated animals experienced an 8.7% loss in body weight from 242.5 ± 6.0 g to 221.3 ± 9.1 g (t 5 8.1, P 5 0.0005). Despite this, the treated animals did not show obvious signs of sickness in terms of activity, mobility and appearance, nor did they appear to behave differently from the sham controls. Comparisons between irradiated and shamirradiated rats on day z1 revealed no statistically significant difference in water consumption (Fig. 3A) , but there was a marked reduction in food consumption in the irradiated rats on day z1 (Fig. 3B) . Interestingly, urine output doubled in the irradiated rats compared both to sham-irradiated rats ( Fig. 3C ) and to their preirradiation urine output (day 21). Moreover, there was a trend toward lower water consumption in the irradiated animals across the 3 days postirradiation (Fig. 3A) , and the food consumption remained depressed for these 3 days (Fig. 3B) . However, the enhanced diuresis observed on day z1 in irradiated rats returned to normal levels on the subsequent 2 days (Fig. 3C) . Figure 4 shows remarkable differences in the excretion of urea and selected electrolytes during the course of the study. Two factors must be considered. First, all 12 rats remained relatively inactive during their stay in the metabolic cages compared to their activity in their home cages in the animal facility, where they had been housed three or four per cage and with a larger living space, solid floor and bedding. Second is the effect of c radiation. It would appear that some of the urinary electrolytes may be sensitive markers of both acclimation to the cage environment and the associated reduction in physical activity. There appeared to be an upward trend in Na z , Cl 2 and urea excretion in both groups of animal over the first 4 days (Fig. 4A, D and F, respectively). In contrast, there was an apparent fall in both Ca 2z and phosphate urinary excretion in the same
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showing the GCMS and random forests protocol for radiation metabolomics from the animal investigation through to biomarker quantification. The metabolomic platform comprises three main parts-raw data generation, multivariate data analysis, and biomarker identification/quantification.
URINARY BIOMARKERS OF GAMMA-RADIATION EXPOSURE IN RATS period ( Fig. 4C and E, respectively). In particular, compared to day 24, phosphate excretion was virtually extinguished in the sham animals by the 6th (Fig. 4E ; day z2) and 7th (day z3) day of investigation. These changes in urea and other electrolyte excretion in the sham-irradiated rats were insignificant relative to those that occurred after irradiation.
Gamma-radiation exposure was associated with decreased urinary excretion of Na z , K z , Ca 2z , Cl 2 and urea and with a massive increased excretion of phosphate, all of which persisted for the 3 days postirradiation. Considering, as a typical example, day z2 postirradiation, there were very significant differences between sham and irradiated rats in the excretion of Na Fig. 4D) , and urea (Fig. 4F ). In contrast, there was a corresponding major increase in the urinary excretion of phosphate (Fig. 4E) . The .130-fold difference in phosphate urinary excretion was due mainly to the virtual extinction of phosphate excretion in the sham controls (see above), and it rose to levels more than twice the values of those prior to irradiation (see Fig. 4E ). Nevertheless, in the absence of c-radiation exposure, one might have expected these rats to have similar miniscule urinary phosphate excretion values.
Effect of Starvation
Urine (0-24 h) was collected from a further five rats that were permitted free access to drinking water but no food and an additional five control rats that had access to both food and water ad libitum. Urines were analyzed for their content of Na
, phosphate and urea; the 24-h output of each is shown in Fig. 5 . These data provide clarification of the postirradiation observation in Fig. 4 , in which the decreases in urinary excretion of Na z , K z and Cl 2 may be due to the observed reduced food consumption postirradiation. However, the fall in Ca 2z excretion and rise in phosphate excretion postirradiation seems unlikely to be due to reduced food intake, based upon the results of this food withdrawal experiment (see Fig. 5C and E, cf. Fig. 4E and C) .
GCMS
The goal of metabolomic studies is to investigate simultaneously as many metabolites present in the matrix of interest as possible. Therefore, sample preparation is crucial and must ensure that the minimum number of metabolites is lost during sample workup and that the risk of analytical artifacts is reduced. In this study diluted urines were used without extraction, which we believe to be the most suitable approach for this purpose. A two-step derivatization procedure similar to procedures described in the literature (7, 8) was adopted for the subsequent GCMS analyses. In the first step, aldehydes and ketones were stabilized as their methoxime derivatives, therefore enabling the identification of sugar compounds, whereas the second step improved the physical properties (volatility) of polar metabolites for GC by introducing trimethylsilyl groups onto polar 
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functional groups. Possible variations in the efficiency of derivatization were compensated for adding an exogenous internal standard to the urine samples that was then used for the calculations of relative concentrations. This sample preparation in combination with a chromatographic method designed for high peak resolution enabled the separation of about 250 chromatographic peaks within 70 min with a total of more than 300 urinary metabolites per sample. A typical chromatogram is depicted in Fig. 6 , divided into four panels for clarity. Peaks 1-86 were identified on the basis of comparison of their spectra to spectra of authentic compounds in mass spectral databases. The identity of these 86 urinary analytes, the number of methoxyamine (MOX) and trimethylsilyl (TMS) groups added, the molecular ion (M zN ), the defining ions present in both unknown and authentic spectra, and the matches to the library spectrum for each analyte are given in Tables 1-3 . It should be pointed out that an apparent poor match, for example for 2-hydroxybutanoic acid (25%) in Table 1 , is due to the nature of the ion matching algorithm that the library searching software employs, whereby a spectrum that has a large number of lowabundance masses, typical of aliphatic compounds and sugars, is difficult to match to any authentic spectrum. This process is further compounded by high chromatographic background and/or incompletely resolved peaks. Thus human judgment must be employed. Table 1 lists two inorganic acids and 31 aliphatic and dicarboxylic acids that appear in Fig. 6A -C. Table 2 lists five polyols, 11 amino acid peaks, and 11 aromatic acids and derivatives that appear in Fig. 6A -C. Table 3 lists four phenols, five purines and pyrimidines, and 11 sugars and derivatives, together with six miscellaneous peaks that occur in Fig. 6A-D . It was these chromatograms and the mass spectral data they contain from 84 rat urine samples (12 rats 3 7 days) that were subjected to random forests analysis.
Bioinformatics
A crucial step in the multivariate data analysis is the pre-processing of the raw GCMS data that creates a peak table containing pairs of retention times and m/z, 
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together with the corresponding abundance of the respective ion. During this data transformation, shifts in retention times between different chromatograms are compensated for and corresponding peaks are aligned (see Fig. 1 ). Furthermore, the complexity of the mass spectra obtained using a single quadrupole mass analyzer with electron impact ionization has to be reduced during this step, because large chromatographic peaks in excess of 100 fragment ions are typically recorded. This will result in multiple entries in the peak table stemming from one component. The pre-processing was designed to include small chromatographic peaks in the peak table while reducing the influence of large peaks and their fragments on the multivariate data analysis. For this purpose three peak tables were created to be subjected to random forests analysis that differed in the time window covered. The first peak table (Table 4) encompassed the entire chromatogram. The random forests analysis of the entire chromatogram was dominated by multiple ions arising mainly from three urinary compounds. One was found to be urea that coeluted with inorganic phosphate (22.7 min), which was excreted in much higher amounts in the treated group of animals at day 5 and was found to be one of the peaks with highest abundance in this group. The other was identified as citrate (38.8 min) and was confirmed by the analysis of the authentic standard. Citrate was one of the most abundant peaks in the urine samples obtained from the control rats at day 5 and was downregulated in the treated group. The other peak tables covered only a part of the chromatogram to eliminate the influence of the broad peak of urea, phosphate and/ or citrate on the peak picking process (Tables 5 and 6 ). The focus in this study was the investigation of potential biomarkers that are excreted in higher amounts in the treated group compared to the control animals.
Up-regulated Urinary Biomarkers
Perusal of the top 100 hits in the random forests findings in Tables 4-6 shows the urinary ions that were either up-or down-regulated as a result of c irradiation of rats with 3 Gy. The following up-regulated biomarkers of c irradiation were confirmed with authentic standards: phosphoric acid (confirmed also by independent electrolyte analysis, Fig. 4E ), glyoxylic acid, pcresol (4-methylphenol), threonic acid [(2R,3S)-2,3,4-trihydroxybutanoic acid], uracil, thymine and glycerol 3-phosphate. Of these, glyoxylic acid, threonic acid, thymine, uracil, p-cresol and glycerol 3-phosphate were established as robust positive biomarkers of c irradiation of rats with 3 Gy on the basis that they showed statistically significant increases on the first day postirradiation. The urinary excretion of these six biomarkers in irradiated and sham-irradiated rats across the 7 days of the investigation is shown in Fig. 7A-D, F and G.
FIG. 5. Trends for sodium (panel A), potassium (panel B), calcium (panel C), chloride (panel D), phosphate (panel E), and urea (panel F)
excretion, together with urine volume (panel G) over 0-24 h for five control rats permitted free access to food and water and five rats permitted free access to water but no food. Open bars and filled bars are for control (C) and starved (S) rats, respectively. Error bars represent z 1 SD. P values from unpaired Student's t tests are shown. NS means not significant (P . 0.05).
FIG. 6. A typical gas chromatogram of derivatized urine (see Materials and Methods) divided into four time quadrants (panels A-D)
and showing peaks 1 to 86 that were identified on the basis of their resultant mass spectra and comparison to mass spectral databases containing some 575,000 spectra. The identities of peaks 1 to 86 are given in Tables 1-3 . * in panel A represents a time window when the electron multiplier detector was switched off to avoid collecting ions from the huge peak due to urea di-TMS derivative that eluted at 22.80-23.85 min (see Table 3 ).
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Glyoxylic acid was elevated from 5.5 ± 1.7 units in sham-irradiated animals to 12.9 ± 2.5 units in irradiated animals (t 5 5.93; P 5 0.0001). Threonic acid was elevated from 2.4 ± 0.4 units to 3.1 ± 0.4 (t 5 2.91; P 5 0.016).
Because we had observed in random forests that thymine and uracil had elevated excretion, we chose to examine the data for the third pyrimidine base cytosine (retention time 30.24 min, Table 3 ) that had not appeared in the top 100 hits in the random forests analysis (Tables 4-6 ). Its excretion profile is depicted in Fig. 7E . It can be seen that there is a wide variance in cytosine elevated excretion on day z1 after irradiation, but on days z2 and z3 the excretion clearly falls below control levels. This was a similar finding to that for 29-deoxycytidine excretion in mice, where the excretion fell below control values after c irradiation with both 2 and 3 Gy (2).
Origins of the Pyrimidine Bases in Urine
Thymine, uracil and cytosine may have been excreted as the free base or, alternatively, may have been formed during sample workup from their corresponding nucleosides or deoxynucleosides. We postulated this because it has been reported that thymidine and 29-deoxyuridine are biomarkers for c irradiation in the mouse (2, 4). Using authentic standards for the nucleosides uridine and cytidine, together with the 29deoxynucleosides thymidine, 29-deoxycytidine and 29-deoxyuridine, the conversion of these compounds to the pyrimidine bases uracil, thymine and cytosine was examined under the conditions of urine derivatization with methoxyamine followed by BSTFA/TMCS (see above). Cytidine (,1% deribosylation) and uridine (8%) were stable during derivatization. However, 29-deoxycytidine (70%), 29-deoxyuridine (52%), and thymidine (54%) were all a In the absence of authentic standards, it was not possible to distinguish between mannonic, gluconic, galactonic and glucaric acids on the basis of their mass spectra alone.
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205 converted in our assay to a significant degree to their corresponding pyrimidine bases. This makes it likely that the pyrimidines observed in urine after c irradiation of rats with 3 Gy originated from the corresponding 29-deoxynucleosides. While thymidine has been readily detected in human urine by high-performance liquid chromatography (without derivatization), levels of thymine were undetectable (15) . Table 6 clearly shows that citric acid was the most important analyte identified by random forests analysis as differing between irradiated and sham-irradiated rats on day z1, with 17 ions from citric acid tetra-TMS derivative (Table 1 ) identified independently. Citric acid was highly significantly down-regulated after c irradiation of rats with 3 Gy (Fig. 8A) . The potential role of reduced food consumption in this phenomenon was examined in the urine of the five starved and five control rats described above. As shown in Fig. 8B , complete food withdrawal for 24 h did not mimic the reduced excretion of citric acid observed after irradiation.
Down-regulated Urinary Biomarkers
However, there was a small and statistically significant decline in citric acid excretion after starvation for 24 h. To determine whether this was due to a lowered turnover of the citric acid cycle, we examined the data for 2-oxoglutarate, another citric acid cycle intermediate found in urine. Table 6 shows that 2-oxoglutarate is also a down-regulated biomarker of radiation with six ions identified by random forests, from 5.0 ± 1.7 units to 1.3 ± 0.8 units after irradiation (t 5 4.74; P 5 0.0008). The urinary excretion data for 2-oxoglutarate are illustrated in Fig. 8C . The changes mimic the changes seen in citric acid excretion in Fig. 8A . Starvation of rats for 24 h did not produce a significant fall in 2-oxoglutarate excretion (Fig. 8D) . It would appear likely, therefore, that the decline of citric and 2-oxoglutaric acid urinary excretion is related to c radiation. Other notable down-regulated biomarkers included the C6-C9 dicarboxylic acids, adipic, pimelic, suberic and azelaic acids (Table 6) .
DISCUSSION
By employing a simplified metabolomics protocol that uses low-mass resolution GCMS instrumentation and open-source software for bioinformatics, we demonstrate here that biomarkers of c irradiation of rats can be detected and validated. Up-regulated biomarkers included glyoxylic acid, threonic acid, thymine, uracil and glycerol 3-phosphate. Down-regulated biomarkers included citric acid and 2-oxoglutaric acid, together with the dicarboxylic acids adipic, pimelic, suberic and azelaic acids. In addition, urinary urea and electrolyte analysis revealed that Na
, Cl 2 and urea excretion all declined after irradiation, while phosphate excretion was enhanced. It is of interest to evaluate potential sources of this postirradiation metabolomic phenotype to understand better the biological processes that contribute to it. Regarding elevated urinary excretion of the pyrimidine bases thymine and uracil, we have already reported that their corresponding 29-deoxynucleosides thymidine and 29-deoxyuridine show increased excretion in the mouse after c irradiation at 1-3 Gy (2), and we have postulated that they are elevated due to nitrosative deamination of the aminopyrimidine cytidine (2). We report here that these corresponding 29-deoxynucleosides undergo deribosylation under the conditions of our sample preparation and derivatization and yield the pyrimidine bases. In all probability, the observed pyrimidines arose from the DNA 29-deoxynucleosides but not from the RNA nucleosides, e.g. uridine. This would be consistent with our previous reports in the mouse (2, 4) and with the known composition of human urine (15) .
The enhanced excretion of p-cresol is of interest in that it is a known product of protein degradation whereby tyrosine is converted to p-cresol by the gut microbiota and then excreted in the urine (16) . In a previous study (4) , the elevated urinary excretion of a related phenolic metabolite, 3-hydroxy-2-methylbenzoic acid 3-O-sulfate, was reported in mice exposed to 3 Gy. This novel urinary metabolite was almost certainly contributed by gut floral metabolism. Gamma irradiation of mice has been reported to alter both the composition and size of the gut microbiota (17, 18) and presumably, therefore, its metabolic capacity.
The increased urinary excretion of glyoxylic acid may represent evidence of lipid peroxidation of polyunsaturated fatty acids (19) . This would fit with the nitrosative deamination of cytidine to 29-deoxyuridine hypothesis as proposed previously (2) in that it also involves the generation of reactive oxygen species (ROS) by ionizing radiation. The other up-regulated biomarker, threonic acid, is an oxidation product of ascorbic acid via dehydroascorbic acid (20) , the latter being produced when ascorbic acid reacts with ROS. This is yet further evidence that ROS is involved in the generation of radiation metabolomic urinary biomarkers. The final biomarker identified, glycerol 3-phosphate (Fig. 7F) , should not be considered a biomarker of radiation exposure since it has been identified on the basis of a reduced urine excretion in the sham-irradiated animals with an unremarkable excretion in the irradiated animals. The reason for the decline in excretion in the sham-irradiated animals is not known.
The reduced excretion of citric acid, 2-oxoglutaric acid and the four C6-C9 dicarboxylic acids is of interest for a number of reasons. At first sight, it would appear that these compounds reflect the reduced caloric intake by the irradiated rats, but this was not substantiated by the starvation experiment (Fig. 8) . These data may reflect changes in renal tubular cells. In rats fasted for 18-24 h, Na z , K z and urea excretion has been reported to be reduced (21), although we did not confirm the urea difference in our own experiments (Fig. 5F ). Our observations (Fig. 4) clearly go beyond the effects of starvation. It is well known that 2-oxoglutaric acid (aketoglutarate) is an important driver of renal organic anion inward transport and dicarboxylic acid exchange in tubular cells in a Na z -dependent fashion (22, 23) . The changes in Na z excretion observed here after irradiation, plus a decline in renal tubular energy production and thus 2-oxoglutaric acid availability, may be the reasons underlying a proportion of the urinary radiation metabolomic phenotype that includes reduced excretion of dicarboxylic acids.
The reduced excretion of Ca 2z and massive increase in phosphate excretion, against a background of reduced 208 excretion in the sham-irradiated rats ( Fig. 4C and E) , is worthy of special comment. The high urinary ratio of Ca 2z /phosphate in the sham-irradiated rats is completely reversed in the irradiated animals, suggesting that these animals have developed a high plasma Ca 2z /phosphate ratio by preserving Ca 2z but excreting phosphate. This is likely to be mediated by parathyroid hormone (PTH). The mechanism of release of PTH by c radiation is unknown. In the absence of authentic standards it was not possible to distinguish between mannonic, gluconic, galactonic and glucaric acids on the basis of their mass spectra alone.
e Not assigned. f This is a second entry of m/z 5 150 for citric acid found by random forests (see first row of table) with a slightly different retention time (38.73 compared to 38.86 min). This is due to the large size of the citric acid peak.
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Overall, the effect of 3 Gy c radiation on male rats was to produce a number of verifiable up-regulated and down-regulated urinary metabolomic biomarkers. The radiation metabolomic signature included phosphate (q), glyoxylate (q), threonate (q), p-cresol (q), thymine (q), uracil (q), citrate (Q), 2-oxoglutarate (Q), adipate (Q), pimelate (Q), suberate (Q), and azelaate (Q). We propose that the elevated urinary concentrations of thymine and uracil detected in this study are surrogates for elevated urinary excretion of thymidine and 29-deoxyuridine, due to chemical deribosylation under the conditions of sample preparation employed. This means that mice and rats behave similarly with respect to the postirradiation production of deaminated 29-deoxynucleosides, by a mechanism that has been discussed elsewhere (2) . This encourages the belief that human subjects may also react similarly to these doses of c radiation and that metabolomics may provide a practical means of rapid noninvasive biomonitoring of exposure to ionizing radiation.
Finally, it should be pointed out that in this report we describe methods for the conduct of metabolomic studies that can yield abundant urinary biomarkers and that would, in all probability, generate biomarkers using other metabolomes, such as sweat, sebum, plasma or other biofluids. The protocol described here uses lowmass-resolution gas chromatography-mass spectrometry and open-source software to uncover a metabolomic fingerprint of radiation exposure. This same protocol would also work with simple capillary gas chromatography without a mass-selective detector, providing that the investigator had a rich supply of authentic endogenous compounds, as many laboratories do. Our initial studies in this field have employed high mass resolution orthogonal quadrupole time-of-flight mass spectrometry coupled to ultra-high-resolution chromatography (2, 4) . This capital expense is not within the reach of all laboratories. The methods described here not only offer a cost-effective alternative but also can provide a substantial yield of biomarkers. It is hoped that this will encourage the application of metabolomic protocols in the field of radiation research.
